Summary Disorders of branched-chain amino/keto acid metabolism encompass diverse entities, including maple syrup urine disease (MSUD), the 'classical' organic acidurias isovaleric acidemia (IVA), propionic acidemia (PA), methylmalonic acidemia (MMA) and, among others, rarely described disorders such as 2-methylbutyryl-CoA dehydrogenase deficiency (MBDD) or isobutyryl-CoA dehydrogenase deficiency (IBDD). Our focus in this review is to highlight the biochemical basis underlying recent advances and ongoing challenges of long-term conservative therapy including precursor/protein restriction, replenishment of deficient substrates, and the use of antioxidants and anaplerotic agents which refill the Krebs cycle. Ongoing clinical assessments of affected individuals in conjunction with monitoring of disease-specific biochemical parameters remain essential. It is likely that mass spectrometry-based 'metabolomics' may be a helpful tool in the future for studying complete biochemical profiles and diverse metabolic phenotypes. Prospective studies are needed to test the effectiveness of adjunct therapies such as antioxidants, ornithine-alpha-ketoglutarate (OKG) or creatine in addition to specialized diets and to optimize current therapeutic strategies in affected individuals. With the individual lifetime risk and degree of severity being unknown in asymptomatic individuals with MBDD or IBDD, instructions regarding risks for metabolic stress and fasting avoidance along with clinical monitoring are reasonable interventions at the current time. Overall, it is apparent that carefully designed prospective clinical investigations and multicenter cohort-controlled trials are needed in order to leverage that knowledge into significant breakthroughs in treatment strategies and appropriate approaches. 
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Introduction
The catabolic pathways of branched-chain amino acids (BCAA) consist of multiple steps including transamination, oxidative decarboxylation and dehydrogenation; inborn errors of these pathways are inherited in an autosomal recessive fashion. These disorders include maple syrup urine disease (MSUD, OMIM 248600), 'classical' organic acidurias (isovaleric acidemia, IVA, OMIM 243500, propionic acidemia, PA, OMIM 606054, methylmalonic acidemia, MMA, OMIM 609058), rarely described disorders in the pathways of BCAA degradation, such as 2-methylbutyryl-CoA dehydrogenase deficiency (MBDD, OMIM 610006) or isobutyryl-CoA dehydrogenase deficiency (IBDD, OMIM 611283) and others (see Fig. 1 ). In this review we opt to provide an overview of distinctive amino and organic acidurias associated with BCAA metabolism, encompassing both mild and severe phenotypes. MSUD is caused by a metabolic block in the early degradation of the BCAA leucine, valine and isoleucine due to defective activity of the branched-chain alpha-keto acid dehydrogenase multienzyme complex (BCKDH). The underlying genes are BckdhA (E1-alpha subunit gene), Bckdhb (E1-beta subunit gene), and DBT (E2 subunit Simon et al. 2006; Vockley and Ensenauer, 2006; Erdem et al. 2010 ). Historically, the term 'classical' refers to a severe phenotype but we have learned from tandem mass spectrometry-based newborn screening that the mildly affected individuals and patients detected early exhibit considerable overlap in their biochemical abnormalities and that diseases such as MSUD and IVA encompass heterogeneous conditions Ensenauer, 2006, Simon et al. 2006) .
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However, there are other extremely rare branched-chain organic acidurias which show a heterogeneous phenotype and generally a milder clinical course, compared with the 'classical' branched-chain amino-/organic acidurias, particularly those defects affecting distal isoleucine or valine metabolic pathways such as MBDD or IBDD.
MBDD is an inborn defect in isoleucine degradation, caused by mutations in the short/branched-chain acyl-CoA dehydrogenase (ACADSB) gene. More than 20 individuals with MBDD have been reported, most of whom are asymptomatic, although a few have presented with symptoms such as lethargy, hypotonia, retardation, autistic features, hypoglycemia or metabolic acidosis (Gibson et al. 2000a; Kanavin et al. 2007; Sass et al. 2004 and Van Calcar et al. 2007; Alfardan et al. 2010) . The characteristic biochemical feature is elevated pentanoylcarnitine (methylbutyrylcarnitine) and methylbutyrylglycine in biological fluids. In individuals with MBDD a low-protein diet and carnitine supplementation is occasionally implemented with variable results (Matern et al. 2003 , Sass et al. 2008 . MBDD shows a diverse clinical pattern and milder course compared with the 'classical' diseases and may even be a benign metabolic phenotype (Sass et al. 2008) .
A further example of a rare atypical branched-chain organic aciduria is IBDD, a disorder of valine degradation due to a defect in the acyl-CoA dehydrogenase (ACAD) 8, now termed the IBD gene. Thus far, at least 22 individuals have been described who are mostly asymptomatic and have been identified via newborn screening with tandem mass spectrometry and urinary excretion of isobutyrylglycine (Koeberl et al. 2003; Sass et al. 2004; Oglesbee et al. 2007 ). In individuals with persistently elevated C4-acylcarnitine (isobutyryl-and butyrylcarnitine) short-chain acyl-CoA dehydrogenase deficiency is often considered in the differential diagnosis. There are, however, also symptomatic patients including the first patient described with IBDD, a 2-year-old girl who presented with anemia and cardiomyopathy and was successfully treated with oral carnitine (Roe et al. 1998) .
Testing for inborn defects of BCAA metabolism is a sequential process involving newborn screening with tandem mass spectrometry for selected disorders, clinical evaluation and follow-up, determination of blood AA and acylcarnitines as well as urinary organic acid analysis, followed by enzyme or molecular studies (Gibson et al. 2000b ).
Pathophysiological aspects
The pathophysiology of 'classical' branched-chain amino-/ organic acidopathies is multi-factorial, including 1) accumulation and toxic effects of specific metabolites and associated intracellular toxicity; 2) secondary metabolic effects including metabolic imbalances, transport competition, and deficiencies of metabolic intermediates, micronutrients etc.; and 3) mitochondrial alterations associated with disturbed energy production and oxidative stress.
Accumulation of toxic metabolites (such as leucine and 2-ketoisocaproic acid in patients with MSUD or methylmalonic acid or propionyl-CoA in MMA or PA, respectively) induces profound metabolic alterations and impairment of energy homeostasis associated with clinical symptoms (Amaral et al. 2010; Deodato et al. 2006) . The clinical picture depends on the severity of the underlying disorder and metabolic decompensation, ranging from intermittent symptoms of various degrees, such as hypotonia and failure to thrive to acute life-threatening encephalopathy. In MSUD, leucine and its accumulating metabolites deleteriously alter brain aerobic metabolism by compromising various enzymes, particularly those of the Krebs cycle and the respiratory chain (Ribeiro et al. 2008 ), which can be followed by apoptosis in neuronal cells (Jouvet et al. 2000) . Toxic intermediates such as methylmalonic acid, propionyl-CoA and other by-products of alternative propionate oxidation are able to inhibit various enzyme systems, particularly the oxidative phosphorylation system in the mitochondria, which can lead to a deficit of energy production and multiorgan complications such as neurologic distress, cardiomyopathy or renal disease (Brusque et al. 2002 , de Keyzer et al. 2009 ). Direct effects of toxic metabolites, particularly free organic acids and the various acyl-CoA metabolites, on key enzymes of intermediary metabolism help to explain findings such as acidosis, hypoglycemia and hyperammonemia in acutely decompensated patients with branched-chain amino-/organic acidopathies. For example, enzyme inhibition can affect α-ketoglutarate dehydrogenase and pyruvate dehydrogenase (Sauer et al. 2008) , carbamyl-phosphate synthetase (Martin-Requero et al. 1983 ), N-acetyl-glutamate synthetase (Stewart and Walser, 1980) creatine kinase and others (Schuck et al. 2004; Scholl-Bürgi et al. 2010) .
Alterations of the AA pattern and flow into the central nervous system contribute to the pathophysiology of inborn errors of BCAA catabolism. At the blood-brain barrier (BBB), BCAA share a common transport system with aromatic amino acids (ArAA) and other large neutral AA (LNAA). A rise of BCAA concentrations leads to a decline of brain ArAA concentrations and the neurotransmitters derived from ArAA, particularly serotonin (from tryptophan) and the catecholamines (from tyrosine and phenylalanine). Physiological plasma leucine concentrations and transport rates across the BBB are essential for normal protein synthesis in brain, generation of ketones, nitrogen shuttling to supplement the glutamate/glutamine cycle between neurons and astrocytes, signaling molecules and regulation of different enzymes (Murin and Hamprecht, 2008) . Accumulating metabolites such as methylmalonic acid are transported across the BBB by different transport systems, notably organic acid transporters, whereas the permeability and chemical properties of these metabolites at the mitochondrial membranes are not fully elucidated (Chandler et al. 2009; Sauer et al. 2010) . The autonomous intracerebral production of metabolites such as methylmalonate or propionyl-CoA along with the limited efflux transporter capacity of the BBB may lead to a deleterious accumulation of these toxic compounds within the brain if there is an underlying metabolic defect Ballhausen et al. 2009 ). The so-called 'trapping hypothesis' helps to explain neurotoxic findings including stroke-like episodes in patients with organic acidurias .
In addition to toxic effects and imbalances of metabolic intermediates, partial depletion of mitochondrial DNA and mitochondrial respiratory impairment along with ultrastructural mitochondrial abnormalities contribute to a cellular energy deficit in tissues of patients with PA or MMA (Schwab et al. 2006; De Keyzer et al. 2009 ). Moreover, activities of detoxifying enzymes such as catalase are found decreased in fibroblasts of patients with disturbed propionate metabolism (De Keyzer et al. 2009 ). Inhibition of energy-related enzymes such as creatine kinase by methylmalonic acid has been described in rat cerebral cortex but pre-incubation with antioxidants such as glutathione can prevent this effect (Schuck et al. 2004 ). Oxidative stress is increased and antioxidant capacity decreased in patients with disorders of BCAA metabolism, such as MSUD, MMA or PA (Barschak et al. 2009; Mc Guire et al. 2009 ). Oxidative damage may also contribute to the pathophysiology of IVA (Solano et al. 2008 ) whereas data for antioxidant status in MBDD or IBDD are lacking.
Taken together, several different mechanisms, including direct toxic effects, crucial substrate imbalances and complex mitochondrial dysfunction contribute to the pathophysiology and clinical presentation of the disorders of BCAA metabolism.
Therapeutic strategies
Our focus in this review is to highlight the biochemical basis underlying recent advances and ongoing challenges of long-term conservative therapy including precursor/protein restriction, replenishment of deficient substrates, and the use of antioxidants and anaplerotic agents (i.e., molecules which refill the Krebs cycle).
Emergency treatment, including hemodialysis/hemofiltration, is a key issue and comprehensively described elsewhere (Arbeiter et al. 2010; Deodato et al. 2006; Saudubray et al. 2002; Zand et al. 2008) , as are organ and cell transplantation approaches (Barshes et al. 2006; Mc Guire et al. 2008; Strauss et al. 2006) .
Essentially, treatment of 'classical' branched-chain amino-/organic acidurias aims to restore homeostasis of intermediary metabolism and prevent metabolic decompensation through maintenance of a non-catabolic state. Therapy comprises disease-specific approaches including reduction of toxic metabolites, promotion of anabolism, substrate restriction, replacement of deficient substrates, and stimulation of residual enzyme activity along with activation of alternative pathways (Table 1) . Therapeutic strategies must be tailored to the complex pathophysiology and multi-system nature and degree of severity of the various diseases and adapted to individual needs.
The biochemical basis for treatment encompasses 1) maintenance of normal protein synthesis and prevention of protein catabolism; 2) prevention of imbalances or deficiencies of AA and metabolic intermediates; and 3) attenuation of cellular dysfunction, restoration of energy homeostasis and promotion of anabolism.
From the clinical perspective there are two objectives with respect to treatment: Acute-phase treatment and long-term management. After establishing the diagnosis in symptomatic patients treatment of the acute stage gradually shifts to long-term treatment consistent with the patient's condition. There is a clear benefit from early diagnosis for symptomatic patients with 'classical' amino-/organic acidurias (Hörster et al. 2009; Dionisi-Vici et al. 2006; Simon et al. 2006; Ogier de Baulny and Saudubray, 2002; Morton et al. 2002) . As the basis of treatment often represents a specific dietary therapy, we have to consider that treatment must comprise careful adjustment of caloric and protein intake along with micronutrient and vitamin supplementation in selected instances (e.g., rare cases of thiamine-responsive MSUD, cobalamin in cobalamin-responsive MMA), carnitine administration and adjunct treatment (e.g., anticonvulsants when seizures form a component of the phenotype) as required for individual needs.
Treatment of patients with 'classical' organic acidurias is based on a 'low-protein adequate/high-energy' diet combined with disease-specific AA mixtures. These special AA formulas are deprived of the particular precursor AA, whereas the composition of all other AA is usually based on the composition of natural protein in human milk and whole egg. Moreover, the powders are enriched with vitamins, minerals, and some of them with fatty acids and additional precursors of energy. The combination of restriction of natural protein and special medical foods provided in sufficient ratios is geared to support normal growth and development, and corrects nutritional deficiencies in affected patients (Strauss et al. 2010; Yannicelli, 2006) . Recently, formulas for patients with MSUD have been designed which are enriched with the AA that compete with BCAA for transport (e.g., tryptophan, tyrosine, phenylalanine, methionine, threonine etc.) and help to maintain physiological AA plasma levels and transport into the brain (Strauss et al. 2010 ). However, plasma AA imbalances, particularly of essential AA, are common findings in treated patients (Yannicelli, 2006; Barschak et al. 2009 ). Feeding difficulties are frequent in patients with 'classical' branched-chain organic acidurias; reasons for this finding may include muscular hypotonia, nausea, metabolic decompensation, infections, retardation and swallowing difficulties. Up to 50-60% of patients with MMA or PA, for example, require gastrostomy or nasogastric tube feeding, temporarily or exclusively (depending on age, underlying metabolic disorder and severity) (Hörster et al. 2009; Toauti et al. 2006) . Additionally, failure to thrive can be seen as a complication in patients with 'classical' branched-chain amino-/organic acidurias. This may relate to consumption of protein with low biological value as in a vegetarian-type of diet. It may also be correlated to an over-restriction of a particular precursor AA and natural protein, deficiencies of micronutrients or a higher energy requirement due to chronic illness or inflammation (Strauss et al. 2010; Yannicelli, 2006) . Providing energy and protein at intakes required by patients with growth deficiency and catch-up growth needs may result in improved growth and adequate nutritional status (Yannicelli et al. 2003) . In patients with PA, changes in plasma AA concentrations have been related to age, nutritional supply and metabolic state (Scholl-Bürgi et al. 2010) . A European multicenter study on 183 patients with MMA revealed a huge variation in the management of these patients regarding total and natural protein intake, special AA substitutes and adjunct medication (Zwickler et al. 2008) . These findings may be explained by the lack of standardized protocols, different personal experience and therapeutic approaches (e.g., appropriate nutritional intake to high energy). This highlights the need for improved acutephase and follow-up treatment protocols for patients with 'classical' organoacidurias. Docosahexaenoic acid (DHA) concentrations in plasma of patients with MSUD or MMA may be low and require supplementation (Aldámiz-Echevarría et al. , Mazer et al. 2010 ). Since myelin abnormalities may be associated with DHA deficiency, nutritional intake of essential fatty acids (EFA) should be monitored (Strauss et al. 2010 ). Micromanagement of dietary intake such as that described above underscores the critical importance of the presence of well-trained metabolic dietitians closely associated with the metabolic management team.
Adjunct therapies
Carnitine is effective in preventing secondary carnitine deficiency, regenerating the intracellular pool of free coenzyme A (CoA) and in eliminating toxic intermediates such as propionate metabolites (Ogier de Baulny and . The L-form of carnitine is essential for the transport of long-chain fatty acids into the mitochondria for further beta-oxidation. Conversely, accumulating acyl-CoA moieties and organic acids can be cleared from the cell using the carnitine cycle in a reverse direction. Acyl-CoA species, such as propionyl-CoA, exert toxic effects on the mitochondrial energy metabolism through inhibition of the pyruvate dehydrogenase and/or alpha ketoglutarate dehydrogenase complexes, among others, whereas the corresponding carnitine esters are considerably less toxic (Sauer et al. 2008) . Additionally, carnitine demonstrates antioxidant capacities via reduction of lipid peroxidation to an extent comparable to that seen with α-tocopherol (Gülcin, 2006). The radical scavenging and iron chelating properties of carnitine further extend its antioxidant spectrum (Gülcin, 2006) .
Patients with MMA or PA exhibit a lower oxidative damage level during treatment as compared to their clinical status at disease onset (Ribas et al. 2010) . Considering the lower intracellular concentrations of propionic acid, methylmalonic acid and CoA moieties following carnitine application, carnitine therapy may directly reduce oxidative damage and prevent alterations of key enzymes of mitochondrial energy metabolism in affected patients. There is a strong biochemical rational and a broad consensus for the use of carnitine in patients with organic acidurias such as PA, MMA or IVA (Ogier de Baulny et al. 2002; Zwickler et al. 2008 ). Carnitine supplementation is used in the treatment of carnitine deficiency, which may include systemic primary carnitine deficiency due to carnitine transporter defects, or a secondary carnitine deficiency due to fatty acid oxidation defects (Spiekerkoetter et al. 2009; Nasser et al. 2009 ). In MSUD patients, the accumulated oxo acids do not trans-esterify with carnitine; accordingly, general carnitine supplementation is not therapeutically useful. Phenylbutyrate, which is used in patients with urea cycle disorders, may reduce plasma concentrations of branched-chain AA and their corresponding oxo acids in individuals with intermediate MSUD (iMSUD) by an increase in residual enzyme activity (Brunetti-Pierri et al. 2010) .
The use of various supplements (e.g., dietary, diseasespecific AA, vitamin; see Table 1 ) in treating these disorders is gaining acceptance in the metabolic community and experimental data are promising. Lowering oxidative stress using α-tocopherol (vitamin E) or ascorbate (vitamin C) has been evaluated in animal models of branched-chain amino/organic acidurias (Ribeiro et al. 2008; Wajner et al. 2004 ). Alpha-tocopherol and creatine prevented the inhibitory effects on the respiratory chain induced by BCAA in cerebral cortex specimens, suggesting that free radicals were involved in these adverse effects of BCAA (Ribeiro et al. 2008) . In plasma derived from treated MSUD patients, the total antioxidant reactivity (representing the overall antioxidant capacity of the cell), was significantly lower compared with controls (Barschak et al. 2008) . Lowered antioxidant capacity has also been observed in patients with PA or MMA (Mc Guire et al. 2009 ). Cobalamin supplementation reduces cellular damage in fibroblasts derived from patients with cobalamin responsive MMA (Richard et al. 2009 ). In patients with MMA or PA, biomarkers of oxidative damage in plasma (i.e., malondialdehyde content, carbonyl formation and sulfhydryl oxidation) were lower following initiation of restricted diet and carnitine supplementation (Ribas et al. 2010) . The literature indicates that oxidative stress contributes to the pathophysiology of MMA and PA, and that diet and treatment with carnitine and cobalamin (in vitamin B12-responsive MMA) may improve outcomes through preservation of the cellular antioxidant status (Mc Guire et al. 2009 , Ribas et al. 2010 . In an in vitro model of renal disease in MMA (i.e., human proximal tubule cells exposed to hydoxycobalamin [c-lactam] and propionic acid), glutathione concentrations are reduced, suggesting oxidative stress due to altered cobalamin metabolism along with methylmalonic acid production. Moreover, distinctive changes of activities of respiratory chain complexes, such as a decrease of complex II and III activities after 21 days of culture are consistent with bioenergetic dysfunction along with oxidative stress in MMA (Sauer et al. 2009 ).
The brain is particularly susceptible to oxidative stress consistent with its high metabolic demands, high content of polyunsaturated fatty acids in cell membranes and limited capacity for regeneration. The lack of efficiency of conventional antioxidant therapy may be due to the low transport rate of many antioxidants across the BBB and their ineffective distribution within cellular compartments of neural tissue. Alpha-tocopherol and coenzyme Q (e.g., ubiquinone, a major isoprene antioxidant derived from the cholesterol pathway) are found within cell membranes and do not achieve high intracellular concentrations (Szeto, 2006) . As mitochondria are most vulnerable to oxidative damage, novel mitochondrial-targeted antioxidants may enhance the effectiveness of antioxidant intervention in the future (Szeto, 2006) . Mitochondria-targeted peptides can protect against mitochondrial swelling and apoptosis and have neuroprotective effects, e.g., on dopaminergic neurons in mice, and may be a future therapeutic option for oxidative stress associated with heritable metabolic disorders (Yang et al. 2009 ).
Alpha-tocopherol and creatine, as alternative energy source, have been both successfully applied in a rat model of MSUD (Ribeiro et al. 2008) . Creatine supplementation was also effective in maintaining normal neurotransmission in a rat model of IVA (Ribeiro et al. 2009 ) but data in human subjects are lacking. In comparison, the use of creatine occasionally is beneficial in patients with primary mitochondrial disorders (Finsterer, 2010) .
In patients with PA or MMA, who accumulate propionyl CoA intermediates, anaplerosis from propionyl-CoA is disturbed, and thus this represents a therapeutic target for anaplerotic intervention. Essentially, anaplerotic precursors replenish metabolite levels depleted within the Krebs cycle (Scholl-Bürgi et al. 2010; Brunengraber and Roe, 2006) . Considering the various secondary mitochondrial effects in patients with 'classical' forms, there may be therapeutic value for anaplerotic substances.
There has also been some limited discussion concerning the utility of ornithine α-ketoglutarate (OKG). OKG is a precursor of AA such as glutamine, arginine and proline and has the ability to supplement the Krebs cycle intermediate alphaketoglutarate ('anaplerotic' function), since it is composed of 2 moles of ornithine in combination with 1 mole of α-ketoglutarate. An anabolic action of OKG is observed in conditions which are associated with loss of muscle mass, hypercatabolism or malnourished states, such as trauma or sarcopenia, along with positive effects on the action of anabolic hormones such as insulin and growth hormone (Cynober 2004; Walrand, 2010) . Nonetheless, clinical or preclinical data on OKG intervention in inherited metabolic diseases has not been reported, and thus this approach remains speculative, yet rational based upon therapeutic efficacy in chronically and acutely malnourished patients.
Moreover, growth hormone has been employed in a limited number of patients with MMA, but not in controlled trials (Kao et al. 2009 ).
Therapeutic needs and ongoing challenges
In asymptomatic individuals with mild variants of IVA and MSUD the necessity of long-term treatment is yet unclear, but interventions such as prevention of metabolic crisis, careful instructions of affected families and evaluation to identify individuals at risk for metabolic decompensation are recommended Simon et al. 2006) .
Therapeutic strategies for patients with rare branchedchain organic acidurias such as MBDD and IBDD are poorly defined because these disorders have a low incidence and the lack of comprehensive long-term outcome data. With the individual life-time risk and degree of severity being unknown in asymptomatic individuals, instructions regarding risks for metabolic stress and fasting avoidance are reasonable interventions at the current time. In addition, a modest protein restriction and carnitine supplementation has been performed, particularly in symptomatic patients or as temporary intervention (Kanavin et al. 2007; Koeberl et al. 2003; Matern et al. 2003; Sass et al. 2008; Van Calcar et al. 2007 ).
Conclusive data is scarce and careful monitoring is required to distinguish between patients at risk for clinical manifestations, patients with intermittent symptoms that may be retrospectively found in view of the biochemical abnormalities, and individuals with an asymptomatic form or metabolic 'non-disease'.
Monitoring
Generally, monitoring of affected individuals with 'classical' amino-/organic acidurias is comprised of careful observation of the disease course and ongoing therapy adjustment responsive to metabolic demands. Dietary therapy in affected individuals requires close monitoring of nutritional needs and intake (Table 2) .
Treatment strategies for patients with 'classic' branchedchain amino-/organic acidopathies vary considerably between different metabolic centers (Zwickler et al. 2008) . As shown in patients with 'classic' MMA, long-term complications are found in a high percentage, e.g., 65% of patients exhibit physical and cognitive delays, 28% develop renal failure (Hörster et al. 2009 ). This highlights the need for improved follow-up treatment protocols for patients with 'classical' organoacidurias. Therapeutic goals for metabolic variables, such as daily intake of the individual BCAA, plasma BCAA concentrations, among others, have been established in symptomatic and asymptomatic children with MSUD (Morton et al. 2002) . Follow-up for a total of 219 patient years reveals that metabolic decompensation after the newborn period primarily occurs in the course of common illnesses and that clinical status and neurologic function may deteriorate whenever metabolic intoxication occurs (Morton et al. 2002) . However, 'classic' MSUD can be managed to follow a more benign course associated with normal growth and development (Morton et al. 2002) . The heterogeneous condition found in individuals with IVA and their clinical management is still a matter of debate (Castorina et al. 2008; Vockley and Ensenauer, 2006) . Individualized therapies along with careful follow-up and long-term compliance are needed for IVA patients at risk for metabolic decompensation.
In MBDD or IBDD the decision concerning therapy initiation with low-dose carnitine and/or moderate protein restriction can be challenging and careful observation of asymptomatic individuals is mandatory. Carnitine supplementation can prevent secondary deficiency, but this has rarely been observed in individuals with MBDD (Sass et al. 2008 ) and a beneficial effect from a protein-restricted diet remains unclear (Kanavin et al. 2007; Matern et al. 2003; Oglesbee et al. 2007; Van Calcar et al. 2007) . Until now no clinical or biochemical markers have been identified which facilitate the assessment of the individual risk and the need for long-term treatment in these patients, again highlighting the absence of well-controlled clinical trials. We therefore recommend careful guidance to the families regarding situations that place patients at risk for metabolic decompensation and a long-term follow-up consisting of extensive outcome data. The latter will provide needed insight into the natural history, metabolic phenotypes and therapeutic needs of individuals with variants of branched-chain organic acidurias such as MBDD and IBDD.
Moreover, a mass spectrometry-based 'metabolomic' approach is useful for the simultaneous identification of numerous metabolites in branched-chain amino/keto acid defects. So far this method has been applied to study samples obtained from patients or murine models with MMA, PA, IVA or MSUD (Wikoff et al. 2007; Loots et al. 2005; Loots, 2009; Wu et al. 2004) . Recently identified metabolites (e.g., abnormal methylated Krebs cycle intermediates, disease-specific acetylated AA) may serve as an Development of new treatment strategies using transgenic and knockout mice
Murine models of classic MUSD or iMSUD have been tested (Homanics et al. 2006) . Mice with an iMSUD phenotype survive past weaning and are a useful model for future therapeutic studies (Zinnanti et al. 2009 ). For example, the nonphysiological AA norleucine has been tested for its ability to prevent accumulation of branchedchain AA, particularly leucine, in the brain. Norleucine supplementation delayed encephalopathy in mutant mice fed with a high-protein diet. Norleucine considerably reduced brain α-ketoisocaproic acid levels and preserved energy metabolism as revealed through near-normal brain pyruvate and α-keto glutaric acid concentrations (Zinnanti et al. 2009 ). Hepatocyte transplantation in iMSUD mice, with approximately 3% repopulation of the endogenous liver with wild-type hepatocytes, corrects selected neurometabolic abnormalities in both the dopaminergic and serotoninergic systems, and concomitantly increases lifespan and body weight, which points to the potential therapeutic relevance of hepatocyte transplantation in humans (Skvorak et al. 2009a; Skvorak et al. 2009b) .
A knock-out model of IVA is not yet available, but novel pathophysiological insights have been obtained by investigating the effects of isovaleric acid and isovalerylglycine on oxidative stress and mitochondrial status in rat brain (Solano et al. 2008 ). Animal models for MBDD or IBDD are not available.
Mut -/-mice with a severe form of MMA have been successfully treated with hepatocyte-directed delivery of the methylmalonyl-CoA mutase (Mut) gene. Following an intrahepatic injection of adeno-associated virus expressing the murine Mut gene Mut -/-mice were rescued and lived beyond 1 year of age . As secondary mitochondrial alterations occur also in BCAA amino-/organic acidurias such as MMA, new treatment approaches focusing on mitochondrial status and antioxidant defenses can be also characterized in this knock-out mouse model (Chandler et al. 2009; Carrillo-Carrasco et al. 2010) . A mouse model of PA (Pcca -/-mice) succumbs to death 24-36 h after birth associated with fatal ketoacidosis (Miyazaki et al. 2001) . Pcca gene transfer that provides a postnatal PCCA activity of 10-20% in the liver of a transgenic mouse strain attenuates the fatal ketoacidosis in newborn mice, but a two-step therapy is necessary to maintain survival, particularly when protein intake increases (Miyazaki et al. 2001) . Recently, an intrahepatic adeno-associated virus mediated gene transfer for human Pcca was tested in neonatal Pcca -/-mice . The authors found a sustained therapeutic effect as demonstrated in a survival rate of 64% approx. and reduction of disease-related metabolites . Taken together, in murine models of MMA (Mut -/-mice) and PA (Pcca -/-mice) gene transfer approaches rescue neonatal mice and represent potential future strategies.
Conclusion
Inborn errors of BCAA metabolism cover a diverse spectrum of disorders, including MSUD, IVA, PA, MMA as well as rare entities such as MBDD or IBDD. Clinical severity may range from asymptomatic findings in the latter to life-threatening episodes and multi-organ involvement in patients with 'classic' BCAA amino/organic acidopathies.
For patients with 'classic' disorders of BCAA, treatment includes: 1) dietary restriction of precursor AA along with optimal nutritional supply; 2) adjunct therapy (e.g., with carnitine for acylcarnitine formation, vitamins as cofactors to increase residual enzyme activity in responsive entities and others); and 3) rapid and effective intervention in instances of metabolic decompensation along with removal of toxic metabolites.
Long-term follow-up is necessary to develop an understanding of the natural history, metabolic phenotypes and therapeutic needs of individuals with variants such as MBDD and IBDD. Currently, clinical or biochemical markers which facilitate the assessment of the individual risks and the necessity of a long-term treatment for affected individuals are scarce and careful instructions regarding situations that risk metabolic decompensation are essential.
Ongoing clinical assessments of affected individuals in conjunction with monitoring of disease-specific biochemical measures and also parameters focusing on mitochondrial function are essential. It remains likely that mass spectrometry-based 'metabolomics' may be a helpful tool in the future for completing biochemical profiles, studying diverse phenotypes and monitoring metabolic status.
Prospective studies are needed to test the effectiveness of adjunct substances such as antioxidants, OKG or creatine in addition to a special diet and to optimize current therapeutic strategies in individuals with branched-chain amino/keto acid metabolic defect. Overall, it is apparent that carefully designed clinical investigations (including prospective multicenter cohort studies) are needed in order to leverage that knowledge into significant breakthroughs in treatment strategies in individuals with branched-chain amino/organic acidopathies.
